Candidatus Liberibacter solanacerum (CLso), transmitted by Bactericera trigonica in a persistent and propagative mode causes carrot yellows disease, inflicting hefty economic losses. Understanding the process of transmission of CLso by psyllids is fundamental to devise sustainable management strategies. Persistent transmission involves critical steps of adhesion, cell invasion, and replication before passage through the midgut barrier. This study uses a transcriptomic approach for the identification of differentially expressed genes with CLso infection in the midguts, adults, and nymphs of B. trigonica and their putative involvement in CLso transmission. Several genes related to focal adhesion and cellular invasion were upregulated after CLso infection. Interestingly, genes involved with proper functionality of the endoplasmic reticulum (ER) were upregulated in CLso infected samples. Notably, genes from the endoplasmic reticulum associated degradation (ERAD) and the unfolded protein response (UPR) pathway were overexpressed after CLso infection. Marker genes of the ERAD and UPR pathways were also upregulated in Diaphorina citri when infected with Candidatus Liberibacter asiaticus (CLas). Upregulation of the ERAD and UPR pathways indicate induction of ER stress by CLso/CLas in their psyllid vector. The role of ER in bacteria-host interactions is well-documented; however, the ER role following pathogenesis of CLso/CLas is unknown and requires further functional validation.
Introduction
Insect transmitted bacterial diseases, mostly those caused by psyllid-transmitted Liberibacter spp. have been highly invasive in the last decade, rendering hefty economic losses to global crop production. Candidatus Liberibacter asiaticus (CLas), causing the citrus greening disease, and Candidatus Liberibacter solanacearum (CLso), causing diseases in solanaceous and umbelliferous crops, have particularly caused severe economic losses to the citrus and potato industries [1, 2] . CLas is transmitted by the Asian citrus psyllid Diaphorina citri Kuwayama (D. citri) [3] , while CLso is transmitted by specific psyllid species depending upon its haplotype and geographical location. For example, CLso haplotypes infecting solanaceous crops in North America and New Zealand are transmitted by the potato psyllid Bactericera cockerelli [4] , whereas haplotypes infecting umbelliferous crops like carrots, celery, fennel, and parsley are transmitted by Trioza apicalis [5] in Northern Europe and by Bactericera trigonica in the Mediterranean region, North Africa, and Middle-East [6] [7] [8] [9] [10] . Management practices for Liberibacter-caused diseases primarily revolve around chemical control with Insects 2019, 10, 279 3 of 15 20 days from both CLso-infected and uninfected treatments. Nymphs (4-5 instar) and adults of F1 generation were collected thrice at 10 days intervals from both treatments. Midguts were dissected from a portion of the F1 female adult psyllids collected and stored homogenized in 10 µL aliquots of TRI Reagent (Sigma-Aldrich, Saint Louis, MO, USA). Similarly, the nymphs and female adults were stored homogenized in 50 µL aliquots of TRI reagent. Total RNA was extracted from pooled aliquots of 30 nymphs, 30 adult females, and 70 midguts dissected from adult females, from CLso-infected and uninfected treatments by TRI Reagent. Briefly, the nymphs, adults, and midguts were homogenized in liquid nitrogen with micro-pestles in separate microfuge tubes followed by the addition of 500 µL of TRI Reagent. Phase separation was done by the addition of 0.2 volumes of chloroform and centrifugation at 12,000 × g for 15 min at 4 • C. The upper aqueous phase was removed and mixed with equal volumes of 100% ethanol. RNA was purified using RNeasy mini kit (Qiagen, Hilden, Germany) as per the manufacturer's protocol. The quality assessment and quantification of the isolated RNA samples were analyzed by a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Additionally, a reference RNA sample pool constructed by mixing 2.5 µg of RNA from all of the extracted samples in a separate microfuge tube was sequenced.
Mapping of Reads and Sample Specific Gene Quantification
The clean reads were mapped to the reference transcriptome using Bowtie2. Quantification of transcripts from mapped reads was done using the RSEM (RNA-seq by Expectation Maximization) tool with normalized expression values as FPKM (fragments per kilobase of transcript per million reads mapped). The expression results were analyzed for their reliability and sample variation by correlation value and PCA analysis between the samples. Differentially expressed genes (DEGs) between samples were screened using the Poisson distribution method. Adjusted P-value (FDR) less than 0.001 and fold-change (log 2 ratio) greater than 1 was set as the default threshold for significant difference in gene expression. Annotation of gene ontology and pathway enrichment of DEGs was analyzed by GO terms and KEGG pathways. CLso-infected and uninfected samples were screened for DEGs putatively involved in CLso establishment and pathogenesis in Bactericera trigonica.
Relative Quantification of Selected DEGs by qRT-PCR
Expression of E3 ligase RNF-185, Derlin-1, and Sel1 in CLso-infected and uninfected midguts was quantified by qRT-PCR analysis. Total RNA was extracted from midguts dissected from 20 CLso-infected and 20 CLso-uninfected adult females by TRI reagent (Sigma Aldrich) with nine replicates each. First strand cDNA was synthesized from 350 ng of total RNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA). Two µL of the diluted cDNA (1:10) was used as the template for q-PCR using gene specific primers ( Table 1) and ABsolute blue qPCR SYBR green mix (ThermoFisher Scientific). Specificity of the primers were validated by Sanger sequencing of the amplicons and the calculated efficiency of the primers ranged from 97 to 107%. The genes were normalized to the psyllid elongation factor-1a gene and relative quantities were calculated by the delta-delta Ct method. Significance of the differences of means were analyzed based on one way analysis of variance (ANOVA). Relative expressions of Derlin-1 and IRE1 were also quantified from the D. citri nymphs with and without CLas infection. Acquisition of CLas by the nymphal stages of D. citri is critical for its transmission and hence only nymph samples were chosen. 
Results

Sequencing of the Reference Transcriptome, De Novo Assembly, and Functional Annotation of Contigs
In order to gain insight into the molecular processes that play a role in CLso transmission, Illumina sequencing of cDNA libraries constructed from the reference pooled RNA from CLso infected or uninfected midguts, nymphs, and adults of Bactericera trigonica generated 55 Mb clean reads with a total length of 5.5 Gb bases. De novo assembly with the clean reads using Trinity platform yielded 152,247 transcripts with a total length of 77,708,661 bp, mean length of 510 bp, and N50 value of 716 bp ( Table 2 ). Further clustering of the transcripts with TGICL assembled the reference transcriptome with 57,736 number of contigs, totaling a length of 43,076,597 bp with an average length and N50 value of 746 and 1251 bp, respectively ( 
RNAseq of Samples
Illumina sequencing of the six RNA samples extracted from dissected midguts, adults, and nymphs ( Figure 1A -H) of CLso-infected and uninfected psyllids generated an average of 12,917,300 clean reads per sample ( Table 3 ). The average mapping ratio to the reference de novo assembled transcriptome was 76.78% by Bowtie2 (Table 3 ). Sample specific gene expression levels were quantified by RSEM followed by the identification of expressed genes, which averaged 85.29% of the total 57,736 genes in the reference transcriptome. Experiment reliability was tested by correlation statistics, cluster analysis of sample distances, and principal component analysis, which showed low variability among the CLSo infected/uninfected midgut, nymph and adult samples respectively. 
Screening Differentially Expressed Genes (DEGs) and Annotation
DEGs between CLso-infected/uninfected midguts, nymphs, and adults of B. trigonica were identified by Poisson distribution method followed by its functional annotation. CLso-infected midguts had 1763 and 2296 genes upregulated and downregulated, respectively, compared to the uninfected midguts ( Figure 2 ). CLso-infected nymphs had 2246 and 2010 genes upregulated and downregulated when compared to uninfected nymphs; while 2151 and 1702 genes were upregulated and downregulated in CLso infected adult psyllids when compared to uninfected adults ( Figure 2 ). The DEGs were annotated by GO analysis and grouped to specific gene functions as biological, molecular, and cellular processes by WEGO software ( Figure S1A ). Biological functions and interactions between DEGs within pathways were analyzed by pathway enrichment analysis based on the KEGG database ( Figure S1B ).
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DEGs of B. Trigonica Putatively Associated with CLso Establishment and Pathogenicity
Genes known to be involved in pathogen establishment, invasion, and insect immune response were identified and sorted from the differentially expressed contigs. Pathogens interact directly or indirectly with host cell matrix adhesion proteins, leading to cell invasion by rearrangement of actin filaments. Several membrane-cytoskeleton proteins known to be involved in pathogen focal cell adhesion such as vinculin, integrin alpha-8, paxillin, and protocadherin-15 were upregulated in CLso infected midguts ( Figure 3A , Table 4 ). Similarly, multiple genes regulating the actin cytoskeleton such as Actin related protein 2/3 (Arp 2/3) complex, Rho GTPase-activating protein 21 (RhoGAP), Rho guanine nucleotide exchange factor 7 (Rho GEF 7), epsin, diaphanous protein, and adaptin were upregulated in CLso-infected midgut and adult samples ( Figure 3B , Table 4 ). Additionally, disintegrin and metalloproteinase with thrombospondin motif, a gene known to be responsible for pathogen escape across the basal lamina of the insect guts, was upregulated in CLso infected samples (Table 4) . Interestingly, several genes involved in proper functionality of the insect host endoplasmic reticulum (ER) were differentially expressed with CLso infection. Signal peptidase complex subunit 1 (SPC1), a gene involved in translocation of proteins into the ER lumen, was upregulated in CLso-infected samples (Table 4) . Similarly, calcium-transporting ATPase sarcoplasmic/endoplasmic reticulum type (SERCA), another gene involved in maintenance of calcium homeostasis inside the ER lumen was upregulated after CLso infection ( Figure 3C , Table 4 ). Most interestingly, many key genes involved in the endoplasmic reticulum associated degradation (ERAD) pathway such as Derlin-1, Ring finger protein 185 (E3 ligase RNF-185), Ubiquitin conjugating enzyme, Ubiquitin ligase synoviolin A (Hrd1), ER degradation-enhancing α-mannosidase-like protein-2 (EDEM-2), and Selenoprotein-1 (Sel1) were significantly upregulated ( Figure 3C , Table 4 ). Additionally, Inositol requiring enzyme 1 (IRE1), a key component of the unfolded protein response pathway (UPR) was also upregulated in the CLso-infected midguts ( Figure 3C , Table 4 ). Relative quantification of selected genes from the ERAD pathway such as E3 ligase RNF-185, Derlin-1 and Sel1 by qRT-PCR confirmed their upregulation by 2.74, 1.92, and 2.45 times (p value < 0.0001), respectively, in the CLso-infected midguts when compared to the uninfected control midguts (Figure 4 ). Furthermore, genes involved in host immunity pathways related to autophagy and apoptosis were also differentially regulated (Table 4 ). 
Upregulation of D. Citri Genes Related to ER Stress
Previous electron and confocal microscopy studies have demonstrated CLas localization and replication inside Liberibacter containing vacuoles (LCVs) within gut cells and in close association
with the endoplasmic reticulum. We therefore hypothesized that ER stress and ERAD may also be involved in CLas transmission. To test this hypothesis, we tested the expression of Inositol-requiring enzyme 1 (IRE1), and degradation in endoplasmic reticulum protein 1 (Derlin-1), which are markers for UPR and ERAD, respectively. Both genes were upregulated in the CLas infected psyllid nymphs when compared to the uninfected nymphs ( Figure 5 ), suggesting a role for these processes in the interaction of both CLso and CLas with their psyllid vectors.
Discussion
Limited understanding of factors critical for the transmission of Liberibacter by psyllids is a major constraint in the development of alternate management strategies. In this study, the differential expression of genes in psyllid adults, nymphs, and midguts infected and uninfected with CLso were analyzed to identify potential candidate genes involved in the interaction and the transmission of the bacterium ( Figure 6 ). Transmission of pathogens in persistent and propagative mode involves host-pathogen interactions at multiple stages. Persistently transmitted pathogens, immediately after reaching the midgut of the insect, would require successful adhesion to host cells to breach the first physiologically important barrier. In this study, several proteins known to be involved in focal adhesion of bacteria such as vinculin, paxillin, α-integrin, and protocadherin-15 were upregulated in CLso-infected psyllid midguts and adults, indicating their role in Liberibacter adhesion. Focal adhesion proteins are structural protein complexes connecting the cell cytoskeleton to the extracellular matrix, which are often used by pathogenic bacteria for adhesion [32, 33] . Differential regulation of vinculin and other adhesion proteins has been previously reported in psyllids with CLas or CLso infections [34, 35] . Future investigations on the interactions of these psyllid cell adhesion proteins with CLso/CLas surface proteins are required for further understanding of this mechanism. The expression is normalized to the elongation factor 1 gene in CLso-infected midguts of B. trigonica by qPCR relative to uninfected midguts. Asterisks above columns indicate statistically significant difference when compared to the uninfected control.
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Limited understanding of factors critical for the transmission of Liberibacter by psyllids is a major constraint in the development of alternate management strategies. In this study, the differential expression of genes in psyllid adults, nymphs, and midguts infected and uninfected with CLso were analyzed to identify potential candidate genes involved in the interaction and the transmission of the bacterium (Figure 6 ). Transmission of pathogens in persistent and propagative mode involves hostpathogen interactions at multiple stages. Persistently transmitted pathogens, immediately after reaching the midgut of the insect, would require successful adhesion to host cells to breach the first physiologically important barrier. In this study, several proteins known to be involved in focal adhesion of bacteria such as vinculin, paxillin, α-integrin, and protocadherin-15 were upregulated in CLso-infected psyllid midguts and adults, indicating their role in Liberibacter adhesion. Focal adhesion proteins are structural protein complexes connecting the cell cytoskeleton to the extracellular matrix, which are often used by pathogenic bacteria for adhesion [32, 33] . Differential regulation of vinculin and other adhesion proteins has been previously reported in psyllids with CLas or CLso infections [34, 35] . Future investigations on the interactions of these psyllid cell adhesion proteins with CLso/CLas surface proteins are required for further understanding of this mechanism. Binding of pathogens to extracellular matrix components triggers a cascade of reactions leading to actin polymerization, which drives the invasion and spread of pathogens by endo/exocytosis [32] . Electron micrographs of basal lamina of midguts of psyllids have indicated employment of cytoskeleton rearrangement and endo/exocytosis mechanisms for CLso invasion [17] . The current study showed upregulation of several key genes involved in actin polymerization and cell invasion in CLso-infected midguts such as actin related protein-2/3 sub-complexes, Rho GTPase-activating protein, Rho guanine nucleotide exchange factor, epsin, diaphanous protein, and adaptin. Previous transcriptome profiles of psyllids have also reported differential expression of genes involved in actin polymerization when infected with CLas or CLso [34, 35] . Additionally, a disintegrin and metalloproteinase gene with thrombospondin motif was upregulated in the CLso infected samples. Matrix metalloproteinases are known to be involved in re-modeling of the insect gut basal lamina for the escape of pathogens across it [36, 37] . The results of this study, along with previous reports, further consolidate the role of actin polymerization in the infection process of Liberibacter inside its psyllid host. Infection and intracellular invasion of host cells by pathogenic bacteria would also trigger immune responses from the psyllid host. In this study, genes known to be involved in the autophagy process such as cathepsin B, cathepsin L, and syntaxin 17 were specifically upregulated in the CLso infected midguts.
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Successful invasion of host cells by pathogens is followed by occupying a suitable niche for its replication while avoiding host defenses. The ER of the host cell is often a favored destination for intracellular pathogens [21, 22] . CLas/CLso have been reported to associate with the psyllid cell ER to form vacuolar bodies for its replication [19] . This study further highlights the importance of ER in the infection process of Liberibacter inside its insect host cell. Genes involved in normal functioning of the ER such as signal peptidase complex subunit 1 (SPCS1) and calcium-transporting ATPase sarcoplasmic/endoplasmic reticulum type (SERCA) were upregulated in CLso-infected samples. SPCS1 is involved in the removal of signal peptides from nascent proteins for their translocation inside the ER lumen and is known to be utilized by the hepatitis C virus for assembly of infectious virions [38] . SERCA are pumps that are important for maintaining optimum levels of calcium in the ER lumen for protein folding activities of molecular chaperones [39] . Pathogenic infections with the hepatitis C virus [40] and prions [41] are known to induce ER stress by depletion of calcium levels. Thus, upregulation of both SPCS1 and SERCA indicates the interactions between the host cell ER and CLso. Moreover, several key components of the ERAD pathways such as Derlin-1, E3 ligase RNF-185, E2 conjugating enzyme, Hrd1, EDEM-2, and Sel1 were upregulated in CLso-infected midguts and adults. Upregulation of ERAD genes is an indication for ER stress [42] [43] [44] , indicating interactions between the psyllid ERAD machinery and Liberibacter inside its host cell. ERAD involves four major processes: (1) substrate recognition of misfolded proteins for retro-translocation outside the ER lumen;
(2) assembly of the translocation channel and retro-translocation of identified misfolded proteins;
(3) ubiquitination of translocated ERAD substrates by cytosolic E1 and E2 enzymes; and finally, (4) proteasomal degradation of the misfolded proteins. The upregulated ERAD genes in this study like Derlin-1 [44] [45] [46] , Hrd1 [47] , and Sel1 [46, 48] are major components of the translocation channel, EDEM-2 functions in ERAD substrate recognition [49] , and the ubiquitin ligase RNF185/conjugating enzymes mediate ubiquitylation of ERAD target proteins [50] . Pathogenic viruses and bacteria are known to use this host cell ERAD machinery to their advantage [24, 51] to either use it to degrade host immune proteins such as MHC complexes [52] [53] [54] or use the retro-translocation machinery to escape the ER and enter the cytosol [45, 46, 55] . Upregulation of Inositol requiring enzyme 1 (IRE1), another key sensor regulating the unfolded protein response (UPR) in CLso-infected midguts, further indicate ER stress following CLso infection. In the current study, we also quantified the relative expression of ER stress response genes in another psyllid species, Diaphorina citri, following Liberibacter infection. IRE1 and Derlin-1, two key components of ER stress and ERAD, respectively, were upregulated in CLas-infected D. citri, comparable to the CLso-infected B. trigonica. Prolonged ER stress eventually leads to apoptosis, another process that has been shown to occur in CLas-infected midguts of D. citri [18] . Infection-triggered ER stress and UPR can be beneficial for the pathogen to suppress host cell immune responses or for delivery into the host cell cytosol by retrotranslocation from the ER [25, 51, 56] . However, ERAD and UPR pathways can also be employed by the hosts to limit pathogen infection and act in the host defense [57, 58] . The exact role of ER stress and ERAD in the pathogenesis of CLso/CLas inside the psyllid host is still unknown. Silencing of candidate ERAD/UPR genes identified in this study would be crucial for future understanding of their function in Liberibacter pathogenesis.
This study is the first to associate interactions of a plant pathogen with its insect host ER machinery. The findings of this work could be crucial to understand the infection process of Liberibacter in its psyllid host and finally devise alternative strategies for disease management.
Conclusions
In the present study, we extended a previous research in which we demonstrated the involvement of the ER in Liberibacter-psyllid interactions. Here, we performed a transcriptomic approach and showed that genes associated with ERAD and UPR mechanisms, which are part of the ER function, are induced upon Liberibacter infection. Those mechanisms are activated upon various stresses including pathogen invasion and disruption of cellular functions such as improper protein folding. The set of genes that we identified suggest an invasion process into the cells and employ adhesion molecules that help invade cellular compartments. Following this invasion, Liberibacter seems to employ the ER machinery to replicate in a safe environment before exiting the gut to the hemolymph and salivary glands, the final step before transmission. Interestingly, the same key genes from the ERAD and UPR responses were induced in both the CLas and CLso systems with the respective psyllid vectors, suggesting that the mechanisms identified are novel and the candidate genes tested in this study could serve, in future functional studies, as targets for disrupting the transmission in both systems.
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